The genetic diversity of 59 Ganoderma species from various regions was determined by different molecular markers, including the internal transcribed spacer (ITS) rRNA and a partial β-tubulin gene, as well as randomly amplified polymorphic DNA (RAPD) analysis. The size of the ITS rRNA gene regions from different Ganoderma species varied from 625 to 673 bp, and that of the partial β-tubulin gene sequence was 419 bp. A phylogenetic tree based on the ITS region, the partial β-tubulin gene, and the RAPD profiles revealed that Ganoderma lucidum strains could be classified into 1 group together with G. lucidum from Bangladesh. One fragment unique to G. lucidum was selected from the RAPD profile and then sequenced. One primer pair (designated as GSF and GSR) based on this specific fragment was designed to amplify a 559 bp DNA fragment within the sequenced region. A single band with the expected size of 559 bp was observed from G. lucidum, except for G. lucidum strains from China, Canada, and Taiwan. This specific marker for G. lucidum from RAPD analysis, also supported by the phylogenetic analysis of the ITS and partial β-tubulin gene sequences, will be useful for the PCR-based identification of G. lucidum in research applications as well as in the market.
INTRODUCTION
Ganoderma lucidum is popularly used as a dietary supplement in Korea, China, and Japan, as well as in other regions of the world. It is known to prevent and treat immunological diseases, including tumorigenesis (Liu et al., 2002) . In the case of Ganoderma species, the identification of species was often unclear, and the taxonomic segregation of the genus remained controversial (Moncalvo et al., 1995a) . In addition, the taxonomic classification of G. lucidum and its allied species has always been confusing. Hence, a number of Ganoderma isolates have been misidentified and misnamed (Smith and Sivasithamparam, 2000) .
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Ribosomal RNA (rRNA) gene sequences have widely been used to discriminate fungal taxa at the family (Hibbett and Donoghue, 1995) , generic, and sub-generic levels (Vilgalys and Sun, 1994; Crawford et al., 1996; Anderson et al., 1998; Chillali et al., 1998) . Bae et al. (1995) and Moncalvo et al. (1995a, b) used rRNA gene internal transcribed spacer (ITS) sequences to distinguish between isolates of Ganodermataceae. Among genes coding for proteins with basic metabolic or structural functions, β-tubulin genes are receiving increasing attention as markers. Studies have made use of β-tubulin genes to investigate relationships among fungi at all levels, and they were also found to be useful in deeplevel phylogenetic studies (Thon and Royse, 1999) . Aside from the genetic diversity analysis described above, several techniques also have been used in basidiomycetes, such as Amplified Fragment Length Polymorphism (AFLP) (Qi et al., 2003) , Restriction Fragment Length Polymorphism (RFLP) (Park and Ryu, 1996) , and Random Amplified Polymorphic DNA (RAPD) (Wang et al., 2003) . Among these techniques, RAPD is still one of the cheapest and quickest methods for accessing variability at the DNA level and is especially useful for intraspecies analysis.
This study investigated the genetic diversity of G. lucidum strains among selected Ganoderma species through analysis of the ITS rRNA and partial β-tubulin gene sequences and developed a specific marker for G. lucidum based on RAPD analysis.
MATERIALS AND METHODS

Fungal species and culture conditions
Fungal species were obtained from the Korean Collection for Type Cultures, the American Type Culture Collection, Incheon University, Konkuk University, the Centraalbureau voor Schimmelcultures, and the Mushroom Division of the Rural Development Administration (Table 1) . Ganoderma species were cultured on mushroom complete medium (MCM: 0.46 g KH2PO4, 0.5 g MgSO4, 1 g K2HPO4, 2 g yeast extract, 2 g Bacto peptone, and 20 g glucose with or without 20 g/L agar) at 25°C.
DNA extraction and PCR amplification
Cultured mycelia (filtered through 2 layers of MiraCloth; Calbiochem) were ground in liquid nitrogen, and genomic DNA was extracted using the CTAB method (Cao et al., 1998) . All PCR reactions were performed with a premixed polymerase kit (Taq PreMix; TNT Research, Korea) in a 20 μl reaction mixture containing 1 μl DNA (ca. 10 ng) and the primers shown in Table 2 . After screening the amplification conditions for each assay, PCR assays were carried out using the same PCR conditions. DNA was amplified in a MyCycler TM (Bio-Rad, Hercules, CA) according to the following program: initial denaturation for 5 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C, and a final extension time of 5 min at 72°C. A 5 μl aliquot of each product was mixed with 1 μl Dyne LoadingStar loading dye (DyneBio, Korea), electrophoresed on a 1.2% agarose gel, and visualized with a UV transilluminator. The amplified fragments of the ITS and partial β-tubulin gene, and the specific fragment for G. lucidum from RAPD, were eluted and sequenced (Macrogen Inc., Korea). Nucleotide sequences were deposited in the National Center for Biotechnology Information (NCBI) Genbank data base (Table 3 ). The sequences of the ITS regions and partial β-tubulin genes were aligned for phylogenetic analysis using the program BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html). The phylogenetic tree was constructed by a neighbor-joining method using the MEGA5 program (Tamura et al., 2011) . Confidence values for individual branches of the resulting tree were assessed by the bootstrap analysis in which 1,000 bootstrapped trees were generated from resampled data. Table 3 lists sequence information for the ITS region and the partial β-tubulin gene. The PCR product sizes of the ITS region were of variable length from 636 to 673 bp. Among them, the PCR product from G. mirabile had the longest ITS region (673 bp), except for Laetiporus persicinus (736 bp). However, the PCR product sizes of the partial β-tubulin gene were identical (419 bp). The total G + C and A + T content of the ITS region was 44.43-50.00% and 41.38~55.57%, respectively. The 5.8S gene located between the ITS 1 and 2 regions was, as expected, very well conserved (158 bp in length). The aligned 16S rRNA gene sequences of Ganoderma species are shown in Figure 1 . Moncalvo et al. (1995c) reported that the 5.8S rRNA sequences of basidiomycete isolates were identical, which is similar to our findings. The nucleotide composition of the partial β-tubulin gene sequence varied little, with G + C and A + T contents of 54.65-56.8% and 43.2-45.35%, respectively. The phylogenetic trees constructed from ITS region sequences and the partial β-tubulin gene sequences depicted a similar pattern ( Figure 2 ). The phylogenetic tree suggests that Ganoderma species from different regions show a high level of genetic diversity. Interestingly, Korean G. lucidum strains could be clustered into 1 group together with G. lucidum strains from Bangladesh. However, the G. lucidum strains from China, Taiwan, and Canada were clustered into different groups. In order to satisfy controversial questions regarding the different phylogeny of Ganoderma species as constructed from the 16S rRNA region and partial β-tubulin gene sequences, additional integrated phylogenetic analyses using other molecular techniques such as random amplification of polymorphic DNA, amplified fragment length polymorphism and sequence characterized regions, may be necessary.
RESULTS AND DISCUSSION
Analysis of ITS and partial β-tubulin gene sequences
RAPD analysis and identification of a specific marker for G. lucidum
Repeat sequences from Korean weedy rice, originally referred to as universal rice primers (URPs), have been used for the fingerprinting of diverse genomes of plants, animals, and microbes (Kang et al., 2002) . In this study, 12 URP primers were used for the molecular analysis of 59 Ganoderma species (data not shown). Among them, the URP1 primer revealed a good polymorphic amplification pattern. In addition, amplification with primer URP1 produced a uniform DNA band of 631 bp in all G. lucidum strains, except those from China, Canada, and Taiwan. Three unidentified Ganoderma species also showed the same or similar patterns with G. lucidum from Korea and Bangladesh (Figure 3a) . This result corresponds with those of the phylogenetic analysis of the ITS rRNA gene and the partial β-tubulin gene sequences. These results suggest that G. lucidum strains have a high level of genetic similarity and some G. lucidum strains have been misidentified. The taxonomy of the genus is traditionally based on morphological characteristics. However, there is still difficulty in distinguishing among close groups, such (Table 2) were designed from the sequence of the specific DNA fragment for G. lucidum. A single band with the expected size of 559 bp was observed from G. lucidum, except for G. lucidum strains from China, Canada, and Taiwan (Figure 3b ). This result indicates that primers GSF and GSR are specific for G. lucidum and could be used to differentiate G. lucidum from other Ganoderma species.
In the present study, we analyzed the ITS rRNA gene region and the partial β-tubulin gene sequences and RAPD profiles to clarify the genetic relationships among Ganoderma species. Among the Ganoderma species, Korean G. lucidum strains were discriminated from strains from China, Taiwan, and Canada. We also developed the specific primers GSF and GSR for G. lucidum identification. Medicinal mushrooms and their value-added products have a world trade of about 4 billion dollars (Perumal, 2009) . Currently, the global demand for G. lucidum is very high. However, circumstances where identical strains have different names, or different strains have the same name, often lead to confusion in cultivation and incorrect medication. Therefore, the precise identification and classification of commercial lines of G. lucidum is important for the protection of both public health and industry.
